I
n 1793 the Italian scientist Lazzaro Spallanzani found that blinded bats avoided obstacles and flew just as skillfully as when they could see. But it was his contemporary, Louis Jurine of Geneva, who first discovered that plugging the external ears of bats caused the total disorientation one would expect in a blinded animal. After hearing of Jurine's experiments, Spallanzani, who had not plugged the bats' ear canals tightly enough, repeated this experiment with improved ear plugs and agreed that this sensory impairment, unlike blinding, caused bats to collide with obstacles.
The echolocation behavior of bats, that is, their use of sonar to avoid obstacles and catch flying insects and other prey, has an intriguing history, which has been reviewed in detail by Galambos (1942) , Dijkgraaf (1946 Dijkgraaf ( , 1960 , and Griffin (1958) . Moreover, 20th century extensions of Jurine's and Spallanzani's experiments have led to one surprising discovery after another. In describing the wealth of new knowledge gained in his work with honeybees, Karl von Frisch called honeybee behavior a "magic well" because the more he learned about their orientation and communication, the more surprising and significant discoveries came to light. The echolocation behavior of bats has been another magic well (Griffin 1995) .
During Spallanzani and Jurine's lifetimes, neither they nor anyone else could make sense of the fact that bats' ears were important for orientation when flying in the dark. Georges Cuvier, the highly respected anatomist, caustically dismissed the notion that hearing could permit bats to avoid obstacles. For more than a century, Jurine's ear-plugging experiments were forgotten or ignored. When Hahn (1908) also found that tightly plugging the ears of bats caused total disorientation, his conclusion was that "obstacles are perceived chiefly through sense organs in the inner ear." What made "Spallanzani's bat problem" so puzzling was that bats seemed to fly silently.
Hiram Maxim (1912) speculated that bats might detect obstacles by emitting low-frequency sounds and somehow detecting their reflection from obstacles. Then Hartridge (1920) advanced the more plausible theory that high-frequency sounds were more physically suitable. It wasn't until Harvard physicist G. W. Pierce developed an apparatus capable of detecting sounds above the frequency range of human hearing that Robert Galambos and I discovered that bats emit ultrasonic orientation sounds and detect small obstacles by hearing their echoes (Pierce and Griffin 1938 , Griffin and Galambos 1941 , Griffin 1958 .
At almost the same time that Galambos and I were studying bats with Pierce's apparatus, Sven Dijkgraaf (1943 Dijkgraaf ( , 1946 , working under stressful wartime conditions in the occupied Netherlands, noticed that bats do not fly in total silence, and more important, that they emit relatively faint ticking sounds that are used to detect obstacles. He found that covering bats' mouths reduced the intensity of these sounds so much that bats collided with small obstacles. The ticking sounds first noticed by Dijkgraaf are relatively faint, audible components of the much more intense ultrasonic orientation sounds used by most insectivorous bats (Griffin 1951) . The audible component is less than 1/100th of the intensity of the ultrasonic sound waves.
This raises the significant question of why no one had previously recognized the importance of these ticking sounds, especially in species of bats that we now know emit orientation sounds that are well within the frequency range of normal human hearing. What else may be waiting to be discovered in the depths of the magic well?
The ultrasonic orientation sounds of most bats of North America and Europe (family Vespertilionidae) are brief chirps that have an octave of downward frequency sweep and last 1 to 15 ms. Dijkgraaf, Galambos, and I had also observed that the repetition rate of these brief pulses of sound increased as bats dodged obstacles or landed, but otherwise echolocation seemed to be similar in all bats of the family Vespertilionidae. However, Moehres (1952 Moehres ( , 1953 discovered that the orientation sounds of European horseshoe bats (family Rhinolophidae) are of longer duration, up to 1/10th of a second, and that for most of its duration, the frequency is very constant, about 82 kHz in the greater horseshoe bat Rhinolophus ferrumequinum.
In 1950 bat echolocation seemed to be an efficient collisionwarning system, but no one seriously considered that bats might use it to catch small flying insects. In 1951 the best available apparatus for detecting and analyzing the ultrasonic orientation sounds of bats was too bulky and delicate for field work. It was almost an accident that I came to drag a small truckload of equipment to a pond near Ithaca, New York, where Eptesicus fuscus and Myotis lucifugus were hunting insects (Griffin 1958) . Once I could observe on a cathode-ray oscilloscope the orientation sounds during insect hunting under natural conditions, it became obvious that the bats' pulse repetition rate was much higher than when dodging wire obstacles in the laboratory. Furthermore, the duration and pattern of frequency change within each pulse of sound were also quite different (Griffin 1953 ). These differences have since been investigated in detail, as reviewed in the paper by Schnitzler and Kalko (2001) .
A few years later we were able to arrange laboratory conditions in which active insect catching could be studied in detail. Individual Myotis lucifugus caught fruit flies with the same marked increase in repetition rate, and loud masking noise in the range of human hearing did not cause any decrease in their rate of insect catching. However, even rather low intensity ultrasonic noise caused them to land on the walls of the flight room and cease all attempts to catch the fruit flies (Griffin et al. 1960) .
Several other extensions of our understanding of bat echolocation have resulted from many ingenious investigations since the mid-1950s. These involve bats of the family Vespertilionidae, for the most part, which are the most abundant bats of Europe and North America. But comparative studies have revealed a wide range of adaptations of echolocation for the lifestyles of other families of bats. The brain mechanisms that underlie the exquisitely refined echolocation capabilities of bats have also been studied intensively. Both of these expanding subjects have recently been reviewed in a book edited by Popper and Fay (1994) . The two following articles bring up to date two important drafts from the magic well of bat echolocation: the adaptations of echolocation for insect catching (Schnitzler and Kalko 2001) and the evolutionary countermeasures against bat predation that are being discovered in several distantly related groups of insects (Miller and Surlykke 2001) .
